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Coupling transferrin to liposomes or minibeads did not affect its uptake by bC lymphocytes via the Tf 
specific receptors. The uptake kinetics of Tf conjugated with particles about 50 nm in diameter was as rapid 
as in the ease of native Tf, and the receptors were recycled with a similar turnover time (about 15 min). 
Contrary to the generally accepted scheme, we found some Tf degradation provoked by cellular uptake. 
The degradation represented about lO$ of the amount of ligand taken up by the cells. It occurred when 
transferrin was coupled to liposomes, but not when coupled to minibeads. 
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1. INTRODUCTION 
Liposomes are extensively studied as molecule 
carriers in phamacology, but they are also a tool 
for cellular and biochemical studies. Their content 
is most commonly delivered by the uptake of the 
vesicle by the cell, rather than by intermembranous 
fusion. Consequently, liposomes have been 
targeted by many different molecules such as anti- 
bodies [l] or lectins [2]. We have previously 
demonstrated the internalization of low density 
lipoprotein (LDL)-liposome complexes by 
leukemic guinea pig lymphocytes via the LDL 
receptor pathway [3], and in similar experiments, 
we have verified the internalization of transferrin 
(Tf)-liposome complexes by the same cells (not 
shown). Moreover, the internalization of Tf cou- 
pled with latex minibeads has been described in 
murine L1210 leukemia cells and rat reticulocytes 
t41. 
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To our knowledge, there have been no studies on 
how this ligand coupling influences the internaliza- 
tion kinetics of the ligand-receptor complexes 
and/or the fate of the two molecules. To in- 
vestigate these phenomena, we used transferrin 
conjugated with particles differing in their com- 
position (i.e. deformability): liposomes and latex 
minibeads; L2C cells were chosen as the target, 
since they internalize and recycle Tf very efficiently 
PI. 
2. MATERIALS AND METHODS 
2.1. Preparation of transferrin conjugates 
2.1.1. Tf-liposomes 
N-Hydroxysuccinimidyl-3-(2-pyridyldithio) pro- 
pionate (SPDP) (Pharmacia) derivatized liposomes 
were prepared as described by Barbet et al. [6]. 
Small unilamellar vesicles (SUV) with a lipid com- 
position of 61 mol% egg phosphatidylcholine 
(Lipid Products), 33 mol% cholesterol (Sigma) 
and 6 mol% dipalmitoylphosphatidylethanol- 
amine (Calbiochem) modified with SPDP (PDP- 
DPPE) were prepared by sonication for 30 min at 
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40°C. After centrifugation at 13 000 rpm for 
15 min (Beckman, microfuge model 11) the super- 
natant was applied to an AcA 202 (IBF, France) 
column to remove the unencapsulated marker (cal- 
cein, Merck). Vesicle phospholipids [7] and calcein 
encapsulation were assayed to determine the inter- 
nal volume of vesicles. 
Transferrin (Sigma) was saturated with iron and 
iodinated as in [lo]. Tf was thiolated (SH-Tf) with 
homocysteine thiolactone (HCTL) (Fluka) as 
previously described for LDL [S]; 0.6 mg radioac- 
tive thiolated transferrin (about 5 SH/Tf) was 
mixed with the liposomes (3 pmol phospholipids) 
for 16 h at room temperature, and the preparation 
was then applied to a Sepharose 4B column. 
2.1.2. Tf-minibeads 
Polyacrylate minibeads (50 nm in diameter, 
range 30-60 nm) were obtained from Serva. 
Before use, the minibeads were washed by ultra- 
centrifugation at 100000 x ga, for 20 min with 
0.1 M acetate buffer, pH 5.4. The concentration 
of minibeads was calculated from a standard curve 
of absorbance at 500 nm. 
Tf and minibeads were coupled according to 
Muller et al. [9] using N-cyclohexyl-N’-(2-morpho- 
1inoethyl)carbodiimide metho-p-toluenesulfonate 
(CME-CDI) (Fluka). Briefly, 10 mg of the car- 
bodiimide were added to a mixture of about 
2 x 1015 minibeads and 600/1g r2’I-Tf. The cou- 
pling reaction (3 h at 4°C) was stopped by incuba- 
tion with 20 mg glycine for 1 h at room 
temperature. The conjugates were then washed by 
ultracentrifugation in 150 mM NaCl, 10 mM Tris 
buffer, pH 7.4, as described above. To ascertain 
transferrin saturation with iron, the Tf-minibeads 
were diluted in 250 mM Tris, 0.01 mM NaHC03 
buffer, pH 8, and mixed with 12.5 mM FeC13, 
100 mM disodium nitrilotriacetate for 30 min at 
room temperature, and then washed again by 
ultracentrifugation. 
DL-Tyrosine (Tyr) was conjugated with mini- 
beads by the same method, then radioiodinated, as 
a minibead control. 
2.2. Cell preparation and experimental procedures 
L2C lymphocytes were harvested and purified by 
Lymphoprep gradient centrifugation [IO]. 
To ascertain the preservation of the specific 
binding affinity of SH-Tf for the receptor, a study 
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of “‘I-Tf displacement by SH-Tf was carried out 
as described [S]. 
For binding, uptake, and degradation ex- 
periments, 5 x lo6 cells were preincubated for 1 h 
at 4°C with PBS containing 5 mg/ml BSA and the 
different radiolabeled Tf conjugated with lipo- 
somes or beads, or the free 1251-Tf at an identical 
final protein concentration, and then incubated for 
the indicated times at 37°C. The incubation was 
stopped by adding 1 ml ice-cold PBS and cen- 
trifuging at 3000 rpm for 1 min (Beckman, micro- 
fuge model 11). The supernatants were added to 
500 ~1 of 50% trichloroacetic acid to determine the 
amounts of degraded ligand. The cell pellets were 
incubated for 30 min at 4°C with 500 ~1 of a 
2 mg/ml pronase (Boehringer Mannheim) solu- 
tion, to remove the surface-bound ligand. 
In the Tf-liposome experiments, the cells were 
then pelleted and washed by centrifugation, the 
tubes were frozen in liquid nitrogen, and the bot- 
toms cut off with a razor blade. The radioactivity 
(LKB MiniGamma counter) and the protein con- 
tent of each tube were then determined as in [5]. 
For the Tf-minibead experiments, the cells were 
pelleted and then filtered through GF/D glass 
microfiber filters (Whatman). After washing with 
15 ml cold PBS, the filters were counted for radio- 
activity, and the protein content was determined 
u11. 
3. RESULTS 
3.1. Preparation of ‘251-Tf conjugated with 
liposomes and minibeads 
Liposomes were prepared as described in section 
2, and their mean internal volume was determined: 
0.9 _+ 0.1 pl/pmol phospholipid, corresponding to 
a diameter of approx. 60 nm. The coupling reac- 
tion was performed with thiolated Tf, as described 
above, after verifying that the thiolation of Tf did 
not affect its affinity for its specific receptor (not 
shown). 
The vesicle concentration was determined ac- 
cording to Lelkes [12], under the assumption that 
the liposome diameter was not modified after the 
coupling reaction. We computed a mean number 
of about 30 Tf molecules per vesicle (i.e. about 
3000 Tf/pm2 liposome surface). 
The yield of Tf coupling to polyacrylate mini- 
beads was low compared with results obtained by 
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Fig.1. Time course of binding (0), internalization (0) 
and overall uptake (A) of free ‘?-Tf (A) or “‘1-Tf con- 
jugated with liposomes (B) by LzC cells at 37°C; 5 x lo6 
cells in a final volume of 200 ~1 were incubated with 8 pg 
free “‘1-Tf (25 cpm/ng) or lZ51-Tf conjugated with lipo- 
somes (14 cpm/ng). At the indicated times the cells were 
treated as described in section 2. 
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Fig.2. Degradation of free 12?-Tf or “‘1-Tf conjugated 
with liposomes incubated with cells for long periods. 
Data points are averages of triplicate determinations of 
trichloroacetic acid-soluble free r2’I-Tf (0) or “‘1-Tf 
conjugated with liposomes (0). Values have been cor- 
rected for background noise obtained at zero time. Ver- 
tical bars represent f SD. 
Muller et al. [9], probably due to the different 
chemical compositions of the minibeads. We 
routinely obtained about 3 Tf per minibead, cor- 
responding to about 380 Tf/prn’ bead surface. 
We verified that the coupling of Tf to minibeads 
was stable under different conditions, such as in 
the presence of low pH and detergent (not shown). 
3.2. Uptake and degradation of Tf-liposomes 
‘2SI-Tf conjugated liposomes were assayed for 
uptake (i.e. binding + internalization) by L2C 
lymphocytes at 37°C. Fig.1 shows the time course 
of uptake of liposomes coupled to 1251-Tf (A). As 
demonstrated in [5], the steady state of ‘251-Tf up- 
take was rapidly reached (about 15 min), reflecting 
a balance between the amounts of ligand inter- 
nalized and exocytosed. The amounts bound to the 
cell surface were constant with time and 
represented about l/3 to l/2 of the total amount 
of cell-associated ligand at equilibrium. All these 
characteristics were the same in the case of Tf- 
liposomes (fig.lB). 
The amounts of trichloroacetic acid-soluble 
radiolabeled material were determined for the 
native and conjugated ligands. Fig.2 shows that in 
both cases, there was an increase in the trichloro- 
acetic acid-soluble material with time. 
3.3. Internalization and degradation of Tf- 
minibeads 
12’I-Tf conjugated with minibeads was assayed 
for internalization by L2C cells at 37°C. The inter- 
nalization was specific since it could be decreased 
by an excess of unlabeled ligand, and reached a 
steady state in only 15 min, as in the case of native 
12jI-Tf (fig.3). 
We determined internalization of Tf, Tf-mini- 
beads and Tyr-minibeads by L2C lymphocytes over 
long periods. The steady state obtained above with 
Tf-minibeads (fig.3) continued for 4 h (fig.4A). At 
the same Tf concentration, the cells internalized a 
slightly greater quantity of complexed Tf than Tf 
alone. During the same time, no internalization of 
control Tyr-minibead could be detected (fig.4B). 
Degradation of free ‘251-Tf and r2’1-Tf con- 
jugated with minibeads was determined over a long 
period of incubation with LzC lymphocytes at 
37°C. Fig.5 shows that the quantities of trichloro- 
acetic acid-soluble 12?-Tf recovered in the external 
medium increased with time, as shown in fig.2. In 
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Fig.3. Internalization of Tf-minibeads by L&Z lympho- 
cytes at 37°C; 5 x lo6 cells were incubated with “‘1-Tf 
conjugated with minibeads (11 pg/ml protein) at 37°C 
for the indicated times. Total (0) and nonspecific (A) 
(presence of 400 pg/ml unlabeled Tf) internalization 
were corrected for values obtained at zero time (5% dif- 
ference between total and nonspecific values at zero 
time). 
the case of 1251-Tf-minibeads, no trichloroacetic 
acid-soluble labeled material was found before 
4 h, although the amounts of internalized ligand, 
conjugated or not, were of the same order of 
magnitude (fig.4). 
4. DISCUSSION 
We have previously demonstrated that lipo- 
somes can be internalized by L2C lymphocytes via 
the LDL receptor pathway [3]. We here study the 
internalization kinetics of Tf conjugated with par- 
ticles about 50 nm in diameter. 
The conditions used for Tf-liposome conjuga- 
tion gave a high coupling yield: about 50070 of the 
Tf was bound to vesicles (not shown). In the case 
of Tf-minibead coupling, the conjugation yield 
was lower and gave fewer Tf molecules per unit of 
particle surface: 380 Tf/pm2 for beads vs 
3000 Tf/pm’ for liposomes. Nevertheless, both 
types of particle were bound and taken up by L2C 
cells via the Tf receptors. 
The internalization of Tf-liposomes was rapid 
and a steady state was reached in the same time as 
for native Tf (about 15 min). Moreover, the 
amounts of ligand bound to the cell surface were 
constant with time, indicating that the receptors 
recycled normally and were not degraded. This im- 
plies that comparable amounts of ligand were in- 
ternalized and exocytosed for periods as long as 
3 h. During the first 15 min, pronase-resistant 
material accumulated within the cell at an initial 
rate of about 20 ng/mg cell protein per min, in the 
case of 1251-Tf and ‘2SI-Tf-liposomes. Assuming 
that all the pronase-resistant ‘251-Tf, either native 
or conjugated with vesicles, was derived from 
receptor-bound ligands, we computed a receptor 
recycling time of 16 min in both cases, using the 
method of Goldstein et al. [13]. This value con- 
firms our previous determination [5]. Similar 
results were obtained for the internalization of Tf- 
minibead conjugates. We demonstrated that this 
internalization was receptor specific (fig.3) and not 
TIME (h) 
Fig.4. Internalization of free 12’I-Tf or lz51-Tf con- 
jugated with minibeads and control minibeads (con- 
jugated with 12’1-Tyr) by LzC cells over long periods at 
37°C. (A) Comparison between native (0) and mini- 
bead-conjugated Tf (0). (B) Comparison between Tf- 
minibeads (0) and control minibeads (0). All data 
points are averages of triplicate determinations of total 
internalization, and have been corrected for background 
noise. Vertical bars represent f SD. 
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Fig.5. conjugated 
with with cells for long periods. 
Data points are averages of triplicate determinations of 
trichloroacetic acid-soluble free ‘*‘I-Tf (0) or ‘*‘I-Tf 
conjugated with minibeads (0). Values have been cor- 
rected for background noise obtained at zero time. Ver- 
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a phagocytic event (fig.4B), and also that the inter- 
nalization steady state was reached rapidly. In 
other words, we demonstrated that particles as 
large as 60 nm can be endocytosed by specific 
receptors, without significant changes in the 
kinetics of receptor internalization. 
During these periods of incubation, ligand 
degradation was demonstrated and quantified. 
The degradation experiments howed that: (i) there 
was an increase in the amounts of trichloroacetic 
acid-soluble material with time, in the case of rz51- 
Tf; this phenomenon was abolished when the in- 
cubation was carried out in the presence of excess 
unlabeled Tf (not shown); (ii) the same degree of 
degradation occurred in the case of Tf-liposomes; 
assuming an internalization rate of 20 ng/mg cell 
protein per min, we computed that the amounts of 
Tf degraded in a given time represented about 10% 
of the total ligand taken up by the cells during this 
period; (iii) the coupling of Tf to latex minibeads 
abolished Tf degradation. 
This degradation phenomenon is generally not 
given much attention in the Tf pathway, although 
some authors have noted its presence after longer 
incubations [14]. We showed that although the 
degradation values are weak, they are significant, 
and are decreased, if not abolished, when Tf is 
coupled to minibeads, perhaps because of the 
rigidity and stability of the bead structure com- 
pared to that of the vesicle. 
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